Integrated multiplexed capillary electrophoresis system by Yeung, Edward S. & Tan, Hongdong
Iowa State University Patents Iowa State University Research Foundation, Inc.
5-14-2002
Integrated multiplexed capillary electrophoresis
system
Edward S. Yeung
Iowa State University, yeung@ameslab.gov
Hongdong Tan
Iowa State University
Follow this and additional works at: http://lib.dr.iastate.edu/patents
Part of the Analytical Chemistry Commons
This Patent is brought to you for free and open access by the Iowa State University Research Foundation, Inc. at Iowa State University Digital
Repository. It has been accepted for inclusion in Iowa State University Patents by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Yeung, Edward S. and Tan, Hongdong, "Integrated multiplexed capillary electrophoresis system" (2002). Iowa State University Patents.
156.
http://lib.dr.iastate.edu/patents/156
Integrated multiplexed capillary electrophoresis system
Abstract
The present invention provides an integrated multiplexed capillary electrophoresis system for the analysis of
sample analytes. The system integrates and automates multiple components, such as chromatographic
columns and separation capillaries, and further provides a detector for the detection of analytes eluting from
the separation capillaries. The system employs multiplexed freeze/thaw valves to manage fluid flow and
sample movement. The system is computer controlled and is capable of processing samples through reaction,
purification, denaturation, pre-concentration, injection, separation and detection in parallel fashion. Methods
employing the system of the invention are also provided
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INTEGRATED MULTIPLEXED CAPILLARY 
ELECTROPHORESIS SYSTEM 
GOVERNMENT RIGHTS 
This invention Was made With government support under 
Contract No. W-7405-Eng-82, awarded by the US. Depart 
ment of Energy. The government has certain rights in this 
invention. 
BACKGROUND OF THE INVENTION 
The demand for quick and ef?cient analysis of biochemi 
cal and chemical analytes continues to be an area of great 
interest in the medical and scienti?c community. For 
example, from its inception, the Human Genome Project 
(US. Dept. of Energy and Health, Science 262:43—46 
(1993)) has called upon existing technologies to provide 
cost-effective, high-speed and high-throughput nucleic acid 
sequencing. This Was necessary primarily because of the 
inadequate overall ef?ciency of traditional slab gel electro 
phoresis techniques. Alternative technologies, such as cap 
illary array electrophoresis (Huang et al., Anal. Chem. 
64:967—972 (1992)), microchannel array electrophoresis 
(Woolley et al., Proc. Natl. Acad. Sci. (USA) 
91:11348—11352 (1994); Woolley et al., Anal. Chem. 
67:3676—3680 (1995)), sequencing by hybridization 
(Drmanac et al., Yugoslav Patent Application 570 (1987); 
GB 8810400 (1988)), single-molecule sequencing (Davis et 
al., Genet. Anal. 8:1—7 (1991); GoodWin et al., Nucleosia'es 
& Nucleotides 16:543—547 (1997)), and sequencing by mass 
spectroscopy (JuhasZ et al., Anal. Chem. 68:941—946 
(1996)) have been explored extensively. Intensive research 
efforts have also been directed toWard improving the indi 
vidual technologies, such as reaction chemistry, puri?cation, 
sample injection, separation, detection, and data analysis. 
Ultimately, integration and automation of the above 
described technologies Will be critical to the success of the 
Human Genome Project. 
Capillary electrophoresis (CE) is an attractive alternative 
to conventional slab gel electrophoresis in nucleic acid 
analysis due to advantages such as high migration speed, 
high separation ef?ciency, small sample requirement, and 
suitability for automation. For example, CE greatly 
improves nucleic acid sequencing rates compared to con 
ventional slab gel electrophoresis. HoWever, capillary elec 
trophoresis and conventional slab gel technologies have yet 
to be interfaced With sample processing technologies in a 
multiplexed system. System integration of CE to robotic 
arms and conveyer-belts (Mardis et al., BioTechnigues 
7:840—850 (1989); Wilson et al., BioTechnigues 6:776—777 
(1988)), although Workable, suffers from reliability and 
incompatibility issues because of the many moving parts at 
the robotic end and the small volumes at the separation and 
detection end. On the other hand, on-line integrated microf 
luidics is inherently more compatible With the capillary/ 
microchannel formats. Based on this approach, DNA restric 
tion digestion (Woolley et al., Anal. Chem. 68:4081—4086 
(1996)), polymerase chain reaction (SWerdloW et al., Anal. 
Chem. 69:848—855 (1997)), and cycle sequencing reaction 
(Tan et al., Anal. Chem. 69:664—674 (1997)), have all been 
interfaced With capillary/microchannel electrophoresis for 
siZing. Although these studies successfully coupled sample 
preparation With separation and detection in a single 
channel, multiplexing of these elements has not been dem 
onstrated. 
It has been previously shoWn that an on-line integrated 














tion to called bases is feasible in a single channel (Tan et al., 
Anal. Chem. 69:664—674 (1997)). This Was accomplished by 
identifying a set of compatible and automatable technolo 
gies. In this system, a fused-silica capillary served as the 
microreactor of cycle-sequencing reaction inside a hot-air 
thermal cycler. A mini-bore chromatographic column based 
on siZe exclusion Was used to purify the reaction products. 
A cross-shaped junction, i.e., a 4-Way junction, acted as a 
multi-functional device for denaturation, pre-concentration, 
and injection at a high temperature. CE coupled With laser 
induced ?uorescence Was utiliZed to read the DNA 
sequence. One of the major obstacles toWard multiplexing 
this approach, hoWever, Was the inclusion of four bulky 
rotary valves. Most of the traditional mechanical valves, 
Whether they are linear valves (gate, globe, diaphragm, or 
pinch) or rotary valves (ball, plug, butter?y, or shaft), are not 
suitable for constructing a highly parallel system. Although 
electro-osmotic ?oW control represents an available 
alternative, it is not compatible With the use of a puri?cation 
column. Furthermore, it is unreliable under changing buffer 
conditions, Which are necessitated by complex manipula 
tions. 
Thus, a need exists for an integrated multiplexed on-line 
system capable of simultaneously analyZing multiple 
samples. The multiplexed system should provide greater 
ef?cacy over conventional procedures With regard to time 
and further improve the ef?ciency of separation, puri?cation 
and detection of analytes contained Within the samples. 
SUMMARY OF THE INVENTION 
The present invention provides an advancement in the 
processing of samples based upon multiplexed micro?uidics 
and capillary array electrophoresis. A system of the inven 
tion can process multiple samples and if desired, execute 
multiple sample manipulation steps, preferably all in a 
parallel fashion. In one embodiment, the system can contain 
a plurality of intake capillaries, a chromatographic column 
array having a plurality of chromatographic columns and a 
separation capillary array having a plurality of separation 
capillaries. At least one detector can be integrated into the 
system to detect analytes eluting from the separation capil 
laries and/or the chromatographic columns. In another 
embodiment, the system contains a plurality of intake cap 
illaries each having a reaction portion and a separation 
capillary array having a plurality of separation capillaries. 
A system of the invention typically employs at least one 
multiplexed freeZe-thaW valve assembly (MFTV) that regu 
lates the ?oW of ?uids in the system. Valve assemblies are 
positioned in a system in a manner that alloWs sample 
movement through the integrated components in automated 
fashion. Sample and ?uid movement in the system are 
typically controlled by a series of valves and pumps that are 
activated by an electronic signal from a computer. A system 
of the invention typically contains at least one set of junc 
tions and at least one manifold that permits ?uid commu 
nication betWeen selected integrated components in the 
system. A multiplexed system of the invention can advan 
tageously support tWo sample analysis channels to about one 
thousand or ore sample analysis channels. 
In a ?rst embodiment, the system contains a plurality of 
intake capillaries, each intake capillary in ?uid communi 
cation With one of a plurality of ?rst junctions; a chromato 
graphic column array containing a plurality of chromato 
graphic columns having an outlet end, each 
chromatographic column in ?uid communication With one 
of the plurality of ?rst junctions and one of a plurality of 
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second junctions, the chromatographic column being inter 
posed between the ?rst and second junctions; and a separa 
tion capillary array containing a plurality of separation 
capillaries, each separation capillary in ?uid communication 
With one of the plurality of second junctions and having an 
outlet end. 
In another embodiment, the system contains a plurality of 
intake capillaries, each intake capillary having a reaction 
portion for reacting a sample, Wherein each intake capillary 
is in ?uid communication With one of a plurality of junc 
tions; and a separation capillary array containing a plurality 
of separation capillaries, each separation capillary in ?uid 
communication With one of the plurality of junctions and 
having an outlet end. 
The invention further provides at least one multiplexed 
freeZe thaW valve assembly containing a plurality of 
capillaries, at least a portion of each capillary containing a 
?uid, and a plurality of heat conductive portions in contact 
With the ?uid-containing portions of the plurality of capil 
laries; Wherein the valve assembly is closed by contacting 
the heat conductive portions With a cooled liquid to solidify 
the ?uid in the capillaries. 
The various methods provided by the present invention 
include a method for detecting an analyte in at least one 
sample. Once such method includes the steps of (a) provid 
ing a plurality of intake capillaries, each intake capillary 
having an inlet end and in ?uid communication With one of 
a plurality of ?rst junctions; a chromatographic column 
array containing a plurality of chromatographic columns 
having an outlet end, each chromatographic column in ?uid 
communication With one of the plurality of ?rst junctions 
and one of a plurality of second junctions, the chromato 
graphic column being interposed betWeen the ?rst and 
second junctions; and a separation capillary array containing 
a plurality of separation capillaries, each separation capillary 
in ?uid communication With one of the plurality of second 
junctions and having a distal portion With an outlet end; (b) 
introducing each of the plurality of samples into the inlet end 
of an intake capillary; (c) transferring each of the plurality 
of samples from each intake capillary into a chromato 
graphic column in ?uid communication With each of the 
intake capillaries; (d) chromatographing each of the plurality 
of samples to yield a plurality of puri?ed sample portions, 
the puri?ed sample portions comprising at least one detect 
able analyte; (e) injecting each of the plurality of puri?ed 
sample portions into a separation capillary in ?uid commu 
nication With the chromatographic column; separating 
each of the puri?ed sample portions to yield a plurality of 
separated sample portions, each of the separated sample 
portions comprising at least one detectable analyte; and (g) 
detecting at least one detectable analyte. 
Another method includes the steps of: (a) providing a 
plurality of intake capillaries, having an inlet end in ?uid 
communication With a plurality of junctions, Wherein each 
intake capillary is formed to have a reaction portion; a 
separation capillary array containing a plurality of separa 
tion capillaries, each separation capillary in ?uid commu 
nication With one of the plurality of junctions and having an 
outlet end; (b) introducing each of the plurality of samples 
into inlet end of an intake capillary and transferring each of 
the plurality of samples into the reaction portion of each 
intake capillary; (c) reacting each of the transferred samples 
to yield a reacted sample; (d) injecting each of the plurality 
of reacted samples into a separation capillary in ?uid com 
munication each of the intake capillaries; (e) separating each 
of the reacted samples to yield a plurality of separated 









comprising at least one detectable analyte; and detecting 
at least one detectable analyte. 
Yet another method provides for sequencing nucleic acids 
in a plurality of samples that contains the steps of: (a) 
providing a plurality of intake capillaries, each intake cap 
illary in ?uid communication With one of a plurality of ?rst 
junctions, Wherein at least one intake capillary has a reaction 
portion for reacting a sample; a chromatographic column 
array containing a plurality of chromatographic columns 
having an outlet end, each chromatographic column in ?uid 
communication With one of the plurality of ?rst junctions 
and one of a plurality of second junctions, the chromato 
graphic column being interposed betWeen the ?rst and 
second junctions; a separation capillary array containing a 
plurality of separation capillaries, each separation capillary 
in ?uid communication With one of the plurality of second 
junctions and having an outlet end; a plurality of ?rst 
freeZe-thaW valves for regulating the ?oW of ?uids in the 
system, each ?rst freeZe-thaW valve containing a portion of 
an intake capillary Wherein each of the plurality of ?rst 
freeZe-thaW valves contains a distal freeZe thaW valve hav 
ing a portion of the intake capillary distal to the reaction 
portion and a proximal freeZe-thaW valve having a portion of 
the intake capillary proximal to the reaction portion; a 
plurality of ?rst joining capillaries, each ?rst joining capil 
lary interposed betWeen a ?rst junction and a chromato 
graphic column, the ?rst junction being in ?uid communi 
cation With the intake capillary; a plurality of second freeZe 
thaW valves for regulating the ?oW of ?uids in the system, 
each second freeZe-thaW containing a portion of a ?rst 
joining capillary; (b) introducing each of the plurality of 
samples into the reaction portion of an intake capillary, each 
sample containing a nucleic acid; (c) reacting each of the 
plurality of samples in a DNA sequencing reaction to yield 
a plurality of reacted samples, each reacted sample contain 
ing a plurality of detectably labeled nucleic acid fragments 
having different lengths; (d) transferring each of the plurality 
of reacted samples from each of the intake capillaries into 
the chromatographic column in ?uid communication With 
the intake capillary; (e) chromatographing each of the plu 
rality of reacted samples to yield a plurality of puri?ed 
samples, each puri?ed sample containing a plurality of 
detectably labeled nucleic acid fragments having different 
lengths; injecting each of the plurality of puri?ed samples 
into a separation capillary in ?uid communication With the 
chromatographic column; (g) separating each of the plurality 
of puri?ed samples to yield, for each puri?ed sample, a 
plurality of separated detectably labeled nucleic acid frag 
ments having different lengths; (h) detecting the detectably 
nucleic acid fragments having different lengths; and for 
each sample, determining the sequence of the nucleic acid. 
BRIEF DESCRIPTION OF THE FIGURES 
FIG. 1 is a block diagram of the integrated multiplexed 
system of the invention. 
FIG. 2A is a schematic of multiplexed freeZe/thaW valve 
assemblies (MFTV) 5 and 17 employed in a system of the 
invention. 
FIG. 2B is a schematic of a single MFTV assembly. 
FIG. 3 is a schematic of one embodiment of the integrated 
multiplexed system design comprising eight channels. 
FIG. 4 shoWs a computer control protocol for the inte 
grated multiplexed system in FIG. 3. 
FIG. 5A shoWs system operation Wherein MFTV 17 is 
open and MFTVs 5 are closed. 
FIG. 5B shoWs system operation Wherein MFTV 17 is 
closed and MFTVs 5 are open. 
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FIG. 5C shows system operation wherein MFTVs 5 are 
closed and MFTV 17 is open. 
FIG. 6 shoWs simultaneous chromatograms for puri?ca 
tion of cycle sequencing products. 
FIG. 7 is an illustration of a current-time pro?le for a 
“heart-cut” injection. ShoWn are both the signal from laser 
induced ?uorescence (a) and the total injection current 
response 
FIG. 8 illustrates electropherograms shoWing simulta 
neous sequencing of eight M13mp 18 DNAsamples With the 
on-line integrated multiplexed system of the invention start 
ing from samples. 
FIG. 9 shoWs the reproducibility of signal/noise ratio 
(S/N) and resolution in the separation capillary array. 
FIG. 10 represents the sequencing of M13mp 18 DNA 
from one separation capillary. The raW data from the blue 
and red channels are plotted. Base miscalls are corrected 
under the corresponding bases. 
DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 
The present invention provides an integrated multiplexed 
system that alloWs automatic, high speed, high accuracy, and 
loW cost analysis of charged or neutral analytes contained 
Within one or more samples. The apparatus of the invention 
integrates sample processing technologies With multiplexed 
capillary electrophoresis alloWing sample processing, 
separation, and detection of sample components for multiple 
samples in a single experiment. The system is based upon 
multiplexed micro?uidics, is amenable to computer control, 
and provides automatic operation and system regeneration. 
As discussed in greater detail beloW, operation of the inte 
grated multiplexed system involves introducing at least one 
sample into a plurality of intake capillaries; processing the 
sample, for example, by introducing the sample into a 
chromatographic column array and initiating chromato 
graphic separation of the sample to yield a puri?ed sample; 
a subsequent injection of the puri?ed sample into a separa 
tion capillary array; and detecting at least one separated 
analyte from the sample. Conveniently, regeneration of the 
intake capillaries, the chromatographic column array, and 
the separation capillary array can occur after each sample 
run or be performed concurrently With system operation. 
A “sample,” as used herein, can be a native or untreated 
sample, a chemically or biologically pre-treated or reacted 
sample, or a reaction mixture of a native sample and one or 
more added components useful in the analysis of the sample. 
As used herein, the term “analyte” or “analytes” refer to 
detectable constituents and/or detectable target species in a 
sample. The term “target species,” as used herein, refers to 
a particular detectable constituent or detectable in the 
sample. Target species are typically ?ourescent target spe 
cies. A “reacted sample,” as used herein, is typically a 
sample that has been modi?ed or altered by either a chemical 
or biological process. For example, a sample can be modi 
?ed or altered by a nucleic acid sequencing reaction, such as 
a labeled terminator cycle sequencing reaction. Optionally, 
heat can be employed to initiate or catalyZe the reaction. 
Additionally, although the multiplexed system of the 
invention suggests several sample processing components 
that can be integrated With separation capillary 
electrophoresis, any on-line component useful in pre 
separation manipulations can be utiliZed. Thus, the invention 
is not to be to limited to the speci?c pre-separation system 









FIG. 1 provides an overvieW of the integrated multiplexed 
apparatus 1 of the invention. At least one sample containing 
at least one analyte is loaded into the system by a delivery 
device 11 holding the sample. By computer initiated control 
of pump 18 and valves 16 using computer 20, sample(s) are 
introduced into a plurality of intake capillaries 3 and 
pumped through the intake capillaries 3 by ?uid control of 
a plurality of ?rst multiplexed freeZe thaW valves (MFTVs) 
5 controlled by solenoid valves 10. Each of a plurality of ?rst 
MFTVs 5 contain at least a portion of an intake capillary 3. 
Each of the intake capillaries 3 can optionally contain a 
reaction portion 8 that can further be optionally housed in a 
heater assembly 9. The sample(s) are subsequently intro 
duced into a ?rst manifold 15 through a T-assembly 12. The 
?rst manifold 15 functions as a means to deliver system 
buffers and reagents during operation, and further provides 
a small region for sample loading prior to introduction into 
a chromatographic column array 14. The T-assembly 12 
contains a plurality of ?rst junctions 13 that connect the 
intake capillaries 3 With a plurality of ?rst joining capillaries 
27. Sample(s) are subsequently pumped into the plurality of 
?rst joining capillaries 27 by ?uid control of a plurality of 
second MFTVs 17 and the plurality of ?rst MFTVs 5. Each 
of a plurality of second MFTVs 17 contain at least a portion 
of a ?rst joining capillary 27. 
Sample(s) are pumped through a ?rst plurality of joining 
capillaries 27 Which connect the T-assembly 12 With the 
chromatographic column array 14 having individual chro 
matographic columns 14a, Wherein each chromatographic 
column has an outlet end 92. Sample(s) are chromato 
graphed by the chromatographic columns 14a of the chro 
matographic column array 14 to yield puri?ed sample 
portion(s). A sample or sample portion is “puri?ed” in that 
it is essentially free or substantially free from non-detectable 
or non-targeted analyte materials or species. Optionally, one 
or more of the chromatographic columns 14a in the chro 
matographic column array 14 can be heated by a Water bath 
A plurality of second joining capillaries 29, each com 
prising a detection WindoW 77, are connected to each of the 
chromatographic columns 14a and to a cross-assembly 30 
Which has a plurality of second junctions 32. Each second 
junction 32 further has an injection region 91. The cross 
assembly 30, by means of the second plurality of junctions 
32, is additionally connected to a second manifold 26, a third 
manifold 31, and a separation capillary array 33. The second 
manifold 26 and the third manifold 31, as discussed more 
fully beloW, permit separate buffer ?oWs to individual sepa 
ration capillaries 34 in a separation capillary array 33, and 
collect Waste from the individual chromatographic columns 
14a. Puri?ed sample(s) are pumped through the plurality of 
second joining capillaries 29 passing by an optional ?rst 
detector 85. Detector 85 is optional in that it Will typically 
be employed in a system utiliZing, for example, at least one 
chromatographic column 14a in a chromatographic column 
array 14. A coherent light source 38 is positioned at the 
detection WindoW 77 of at least one of the joining capillaries 
29 of the plurality of second joining capillaries 29. The ?rst 
detector 85 can comprise a lens 39, an objective 40, and a 
photomultiplier tube 41. Alternatively, the detector can 
comprise a charge-coupled device (CCD) or a charge 
injection device (CID). 
Puri?ed sample(s) are subsequently positioned at the 
injection region 91 of second junctions 32 and the separation 
capillary array 33. The separation capillary array 33 contains 
a plurality of individual separation capillaries 34. Each 
separation capillary 34 has a transparent WindoW portion 93, 
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and, relative to the cross assembly 30, a distal portion 96 
having an outlet end 96a, and a proximal portion 97 having 
an inlet end 97a. An electrokinetic injection of the puri?ed 
sarnple(s) into each separation capillary 34 is accomplished 
by using a syringe pump 19. Separation of the sarnple(s), by 
either electrophoresis or pressure ?oW, yields at least one 
analyte in the sarnple(s) that is detectable by a second 
detector 36 and includes a coherent light source 37. The 
distal portion 96 of each separation capillary 34 terminates 
in a buffer reservoir 35. As shoWn, in FIG. 3, buffer reservoir 
35 represents a positive end of the potential in capillary 
electrophoresis. 
Optionally, and as discussed more fully beloW in a dis 
cussion of the MFTVs, a third MFTV assembly 98, posi 
tioned at the distal portion 96 of the individual separation 
capillaries 34, can be employed. This third MFTV assembly 
98 can be utiliZed to stop ?uid ?oW in the separation 
capillaries 34 in several applications. For example, this can 
be used in a gel electrophoresis application Where a loW 
viscosity polymer matrix is employed, or in Zone 
electrophoresis Where no matrix is employed. In the appli 
cation employing a loW viscosity matrix, the third MFTV 
assembly 98 prevents the matrix from being Washed out of 
the separation capillaries 34. In a Zone-electrophoresis 
application, as no gel matrix is employed, MFTV assembly 
98 prevents the samples from being Washed out of the 
separation capillaries 34. In both applications, hoWever, an 
analyte to be detected must be charged as the migration is 
occurring Without ?uid ?oW. 
In another embodiment, (not shoWn) the system analyZes 
a plurality of samples Without employing a chromatographic 
column array 14. In this embodiment, the system contains a 
plurality of intake capillaries 3, each capillary having a 
reaction portion 8 that can optionally be housed in a heater 
assembly 9. The proximal portion 7 of each intake capillary 
3 connects directly to cross-assembly 30 by junctions 32. 
Sample(s) are subsequently positioned at the injection 
region 91 of junctions 32 and the separation capillary array 
33. Separation, either by electrophoresis or pressure ?oW, of 
the sarnple(s) yields at least one analyte in the sarnple(s) that 
is detectable by a detector 36 and includes a coherent light 
source 37. The distal portion 96 of each separation capillary 
34 terminates in a buffer reservoir 35. 
A Wide variety of samples of biological, medical, 
ecological, or chemical interest can be analyZed Without 
limitation. A “sample,” as used herein, can include one or 
more analytes. Analytes of particular interest include mac 
romolecules such as proteins, polypeptides, saccharides and 
polysaccharides; genetic materials such as nucleic acids and 
polynucleotides; carbohydrates; cellular materials such as 
bacteria, viruses, organelles, and cell fragments; metabo 
lites; drugs; and the like; and combinations thereof. Proteins 
that are of interest include proteins that are present in blood 
plasma, such as albumin, globulin, ?brinogen, blood clotting 
factors, hormones, and the like. Other proteins that can be 
manipulated, separated and detected using the present sys 
tem include interferons, enZymes, groWth factors, and the 
like. Other chemicals that can be manipulated, separated and 
detected using the present invention include, but are not 
limited to, pharmaceuticals such as antibiotics, as Well as 
agricultural chemicals such as insecticides and herbicides. 
Of particular interest are samples containing macromol 
ecules that are associated With the genetic materials of living 
organisms. Samples can be derived from blood and other 
tissues, organs or Waste products. The analytes of interest 
include nucleic acids and oligonucleotides such as RNA, 














genes, as Well as fragments and combinations thereof. The 
invention is especially suited to applications involving DNA 
diagnostics, such as DNA template sequencing, DNA frag 
ment analysis and DNA ?ngerprinting. Sequence variations 
as small as one base or base pair difference betWeen a 
sample and a control can be detected. The detection and 
analysis of the above-mentioned analytes in a particular 
sample, is accomplished by employing the integrated mul 
tiplexed system of the invention. 
Referring back to FIG. 1, the apparatus 1 of the invention 
is composed of multiple integrated components. Aplurality 
of intake capillaries 3, each having a distal portion 6 and a 
proximal portion 7 relative to the T-assembly 12, are in ?uid 
communication With delivery device 11 and the plurality of 
?rst junctions 13. The distal portion 6 of each intake 
capillary 3 further contains an inlet end 6a for the introduc 
tion of samples from the delivery device 11. The number of 
intake capillaries 3 employed in the system is directly 
related to the number of sample analysis “channels” in the 
system. The number of channels in the system, and thus the 
corresponding number of intake capillaries 3, is at least 2, 
preferably at least about 5, more preferably at least 8, even 
more preferably 96, and most preferably at least about 1000. 
The multiplexed system can conveniently be adapted to 
receive samples from a 96 Well microtiter plate. Thus, once 
the number of channels desired in the system is established, 
the corresponding number of other components, i.e., intake 
capillaries 3, chromatographic columns 14 and separation 
capillaries 34. 
The intake capillaries 3 pass through a plurality of ?rst 
freeZe thaW valves (MFTVs) 5. MFTVs 5, as With other 
MFTVs discussed herein, can be vieWed as an “assembly” 
of individual freeZe thaW valves that have been multiplexed. 
The siZe of this assembly Will vary as the number of 
channels one selects to employ in the system varies. The 
MFTVs or a valve assembly permit the manipulation and 
control of ?uid ?oW Within apparatus 1. 
In one embodiment, MFTVs 5 are positioned at both the 
distal portion 6 and the proximal portion 7 of each intake 
capillary 3. In this embodiment, MFTVs 5 contain tWo 
assemblies, e.g., a plurality of distal freeZe thaW valves 5a 
and a plurality of proximal freeZe thaW valves 5b that, as 
described in detail beloW, operates as a single freeZe thaW 
valve assembly. Intake capillaries 3 are preferably made of 
fused-silica, hoWever, other suitable materials, such as stain 
less steel or other metals can also be used. Optionally, each 
intake capillary 3 may also comprise a reaction portion 8. 
The reaction portion 8, permits mixing and reaction steps, 
such as dye-labeling terminator cycle-sequencing reactions, 
involved in nucleic acid analysis. Thus, each reaction por 
tion 8 functions as a microreactor for the cycle-sequencing 
reactions. A microreactor array 2 is formed When the intake 
capillaries 3 are formed to have a reaction portion 8. The 
reaction portion 8 may be formed as a loop or other suitable 
structural conformation. Optionally, the reaction portion 8 
can be positioned inside a heater assembly 9. The heater 
assembly 9 can be employed for analysis of samples that 
require heat processing, such as cycle-sequencing reactions 
for nucleic acid analysis. The intake capillaries 3 enter the 
heater assembly 9 by an aperture in the heater assembly. In 
a preferred embodiment, the heater assembly 9 is a hot air 
thermal cycler. The use of a reaction portion 8 positioned 
inside the thermal cycler permits greater volumes of sample 
to be heated. A suitable thermal cycler is available from 
Idaho Technology, Idaho Falls, Id. 
Thus, if required, heat can be applied to one or more 
intake capillaries 3 to facilitate or initiate a reaction to yield 
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a plurality of reacted samples. Application of the heater 
assembly 9 is useful When the samples are nucleic acids, 
such as RNA or DNA. 
Referring noW to FIGS. 5A—5C, the optional reaction 
portion 8 of individual reaction capillaries 3 are positioned 
inside the heater assembly 9. Preferably, there is about 20 
centimeters (cm) to about 80 cm of each reaction portion 8 
residing inside the heater assembly. More preferably, there is 
about 30 cm to about 50 cm of each reaction portion 8 
residing inside the heater assembly 9. As shoWn, the distal 
portion 6 and the proximal portion 7 of each individual 
intake capillary 3 are in ?uid communication With and pass 
through MFTVs 5. MFTVs 5a, positioned at distal portion 
6 of each intake capillary, and MFTVs 5b, positioned at the 
proximal portion 7 of each intake capillary 3, act in unison. 
Thus, ?uid ?oW is controlled in each intake capillary 3 by a 
cooled or super-cooled liquid that is controlled by cryogenic 
solenoid valves (not shoWn). Cooling at a speci?c MFTV 
assembly creates a solid “plug” of ?uid that stops ?uid ?oW 
at that MFTV location. This process is described in more 
detail beloW. A “cooled” or “super-cooled liquid,” as used 
herein, refers to a liquid that is suf?cient to create a solid 
plug of ?uid in a MFTV assembly. Thus, depending on the 
?uid, buffers employed in a system and the samples to be 
analyZed, the cooled or super-cooled liquid may vary. 
Typically, the cooled liquid is liquid nitrogen or an equiva 
lent thereof. 
Referring noW to FIG. 2A, a schematic of MFTV assem 
blies 5 and 17 are shoWn. MFTV assemblies 5 and 17 are 
controlled by cryogenic solenoid valves 10 Which are 
employed to control the ?oW of a cooled or super cooled 
liquid in the assemblies. Suitable solenoid valves 10 are 
available from, for example, Valcor Scienti?c, Spring?eld, 
N.J. As shoWn in FIG. 2B, each MFTV assembly 5 and 17 
utiliZed in the invention contains a tubing array 101, a 
centrally located thermocouple 100, positioned so as not to 
have direct contact With the tubing array 101, and a heater 
102. Preferably, thermocouple 100 is a small K type ther 
mocouple available from Omega, Stamford, Conn., and the 
tubing array 101 is a metal material or portion, e.g., a 
hypodermic metal tubing, or other suitable type of tubing 
that can support cooled or super cooled liquid ?oW and is 
preferably heat conductive. 
Optionally, a heat insulator 103, made of a suitable 
insulating material, can be placed externally to the heater 
and tubing array to prevent energy loss. The thermocouples 
100 installed in MFTV assemblies 5 and 17 detect changes 
in temperature and permit control of solenoid valves 10. 
Preferably, a MFTV assembly contains a plurality of capil 
laries and a plurality of heat conductive portions. Typically, 
at least a portion of each capillary contains a ?uid and the 
valve assembly is closed by contacting the heat conductive 
portions With a cooled or super cooled liquid. Thus, contact 
of the cooled or super cooled liquid to the heat conductive 
portions is effective to solidify the ?uid in the capillaries. 
Referring noW to FIG. 2B, MFTV assemblies 5 and 17 
can be closed by loWering the temperature in the tubing 
array 101 to an appropriate temperature to alloW “plug” 
formation Within a capillary by opening cryogenic solenoid 
valves 10. Opening of these valves alloWs a cooled or super 
cooled liquid, such as liquid nitrogen, to ?oW into the tubing 
array 101. To open MFTV assembly 5 and 17, the tempera 
ture of the heater 102 is increased so that the “plug” inside 
each capillary thaWs and is a ?oWing ?uid. MFTVs 5a, 
positioned at the distal portion 6 of each intake capillary 3, 
and MFTVs 5b, positioned at the proximal portion 7 of each 









monitored at each valve assembly is used for feedback to 
indicate Whether further heating or cooling is required. Each 
valve of the MFTVs 5 contain a portion of an intake 
capillary 3 and are positioned at the distal portion 6 and the 
proximal portion 7 of each intake capillary 3. The proximal 
and distal valves of MFTVs 5 can be considered as essen 
tially one multiplexed on/off valve. MFTVs 17, hoWever, 
operate independently of MFTVs 5. 
Previous attempts to integrate sample processing tech 
nologies With analyte separation technologies involved the 
use of multiple rotary valves used to control system ?oW 
(Tan et al., Anal. Chem. 69:664—674 (1997)). The rotary 
valves proved to be excessively bulky and required a large 
number of parallel valves that Would eventually limit scaling 
up of the integrated-multiplexed online system. As disclosed 
herein, the strategy to solve this complex problem is to 
design a distribution netWork that reduces the number of 
parallel valves and replaces rotary valves With multiplexed 
freeZe thaW valve (MFTV) assemblies. By employing 
MFTV assemblies, the on/off operations of the system, as 
described above, can be accomplished according to a freeZe/ 
thaW principle described in Bevan et al., Chromatogr. A., 
697:541—548 (1995), and Bevan et al., Anal. Chem. 
67:1470—1473 (1995)). The advantages of MFTV assem 
blies include, for example, non-invasive operation Which 
reduces the risk of sample contamination, Zero dead volume, 
rapid response time, loW cost, high pressure tolerance, 
elimination of mechanical motion and good electrical iso 
lation. 
The system described by Bevan et al., in the publications 
above, employs carbon dioxide (CO2). A CO2 system is not 
amenable to multiplexing and multiple mechanical limita 
tions arise When utiliZing more than 3 to 4 channels. This is 
so because CO2 cooling is based on gas expansion and has 
the capacity to affect only very small localiZed areas. Thus, 
to regulate the ?oW of a liquid Within a tube or tubing, a ?ne 
spray must be directed onto the outer surface of each tube. 
This must be performed at each position on the tube Where 
freeZing is desired. Additionally, only narroW tubing can be 
utiliZed in CO2 cooling as the ?uid volume in the tubing 
directly affects the speed With Which a channel can be 
opened or closed. These requirements described above 
Would render any system scale-up, as described herein, 
excessively bulky and very impractical. For example, in one 
embodiment, the apparatus of the present invention can 
utiliZe 96 channels and employ MFTVs at four different 
points for each channel. In contrast, as described beloW, 
multiplexing a system by a series of freeZe thaW valves is 
very amenable to scale-up. 
The response time for an MFTV assembly depends on the 
design and thermal conductivity of the materials used to 
construct each valve. The design described herein not only 
prevents the fragile capillaries from being broken once 
froZen but also sends the Waste gas out of the instrument. 
The MFTV on/off sWitching mechanism demonstrated 
herein is readily scalable from 2 to 1000 or more channels 
Without any modi?cations or negative effects on perfor 
mance. For 96 channels, one only has to employ, for 
example, rectangular tubing comprising suf?cient inner 
dimensions (e.g., 3.6 centimeters (cm) Wide by 370 
(micrometers to replace the tubing array 101 as shoWn 
in FIGS. 2A and 2B. With better thermal contact and higher 
cooled or super cooled liquid ?oW, 1000 or more valves 
operated in parallel should also be manageable in a rela 
tively con?ned space. 
Referring noW back to FIG. 1, the proximal portion 7 of 
each intake capillary 3 passes through MFTVs 5 and con 
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nects to T-assembly 12. T-assembly 12, by means of junc 
tions 13, further connects to ?rst manifold 15. Junctions 13 
in the T-assembly 12 function to connect each proximal 
portion 7 of each intake capillary 3 through MFTV 17 by 
means of the ?rst joining capillaries 27. Each of the ?rst 
joining capillaries 27 subsequently connect to a correspond 
ing chromatographic column 14a in the chromatographic 
column array 14. First manifold 15 further connects to valve 
system 16. Valve system 16 is connected to a pump 18 and 
a syringe pump 19. In a preferred embodiment, these ele 
ments are controlled by computer 20. 
Referring noW to FIG. 3 for additional detail, T-assembly 
12 has a plurality of individual ?rst junctions 13. As 
described above, junctions 13 in the T-assembly 12 permit 
connections to be made betWeen the ?rst manifold 15, the 
proximal portion 7 of each intake capillary 3, and a corre 
sponding ?rst joining capillary 27. Each of the ?rst joining 
capillaries 27 subsequently connect to a corresponding chro 
matographic column 14a in the chromatographic column 
array 14. Preferably, junctions 13 are a set of conventional 
HPLC T-shaped joints available from, for example, Valco 
Instruments, Houston, Tex. This arrangement is utiliZed for 
each individual intake capillary 3 and helps to ensure a 
subsequent quantitative injection into the chromatographic 
column array 14. 
In one embodiment and as further shoWn in FIG. 3, valve 
system 16 can contain three different valves Which include 
a motoriZed 2-position injection valve 21, a 6-position 
motoriZed valve 22, and an 8-positioned motoriZed valve 23 
having a center port 24. As discussed beloW, the connections 
made betWeen the valves, reagents, buffers, and other system 
components are through tubing made of a suitable material 
such as stainless steel or other metal, rubber, polyurethane, 
or TEFLON. Valves 21, 22, and 23 are individually 
available, for example, from Valco Instruments, Inc., 
Houston, Tex. Valve 21 connects to a center port 24 of valve 
23. Additional positions of valve 23 are connected to a Waste 
line 50, a manual syringe 51 and regeneration reagent 
reservoirs 52. Port 58 of valve 23 connects to the center port 
59 of the ?rst manifold 15. 
A?rst position of valve 21 connects to pump 18, available 
from, for example, Ultra-plus MicroLC System, Micro-Tech 
Scienti?c, Sunnyvale, Calif. A second position of valve 21 
connects to a port 66 of valve 22. A port 67 of valve 22 
connects to syringe pump 19. Preferably, the syringe pump 
19 is ?tted With a 0.5 milliliter (mL) to a 20 mL syringe, and 
more preferably a 1 mL to a 2 mL syringe, available from 
Kloehm Company, Inc., Las Vegas, Nev. The remaining 
ports of valve 22 are connected to reservoirs of a suitable 
running buffer 53, Water 54, preferably deioniZed or distilled 
Water, an albumin solution 55, preferably bovine serum 
albumin (BSA) or human serum albumin (HSA), and a 
Waste container 56. Port 57 connects to a center port 90 of 
a second manifold 26. The valves and pumps employed 
herein can be activated by an electronic signal received from 
computer 20. TWo serial ports of the computer 20 and tWo 
additional ports of an AT-232/2 board provide four commu 
nication channels Which are employed to control the syringe 
pump 19, valve 22, pump 18, and valve 23 (FIG. 4). 
Referring noW back to FIG. 1, each of the ?rst joining 
capillaries 27 pass through MFTV assembly 17, and provide 
?uid communication to the individual chromatographic col 
umns 14a in the chromatographic column array 14. Depend 
ing on the samples to be analyZed, chromatographic col 
umns 14a of the chromatographic array 14 can be, for 
example, columns suitable for siZe-exclusion puri?cation 














normal phase, and af?nity puri?cation. HoWever, the inven 
tion is not limited to any particular type of column chroma 
tography or sample processing technology. In a preferred 
embodiment, the chromatographic columns are SEC col 
umns. Optionally, a Water bath 28 is employed if heating of 
the columns is desired. The columns can be heated to a 
temperature of about 40° C. to about 80° C. Preferably, the 
columns are heated to about 60° C. 
Each of the second plurality of joining capillaries 29 are 
connected to a chromatographic column 14a by outlet end 
92 of the second joining capillary 29, and to the cross 
assembly 30 by junctions 32. Junctions 32 operate as mul 
tifunctional devices for denaturation, pre-concentration, and 
sample injection. These operations are described more fully 
beloW. Junctions 32 connect to the second manifold 26 and 
the third manifold 31 by at least one source of tubing made 
of a suitable material such as stainless steel or other metal, 
rubber, polyurethane, or TEFLON or a combination thereof 
Junctions 32 further connect directly to an individual sepa 
ration capillary 34 in the separation capillary array 33. 
Sample elution from at least one chromatographic column 
14a to the plurality of second junctions 32 is monitored by 
detector 38. Detector 38 is capable of transmitting a signal 
to computer 20 by means of a lens 39, an objective 40, and 
photomultiplier tube 41. 
In a preferred embodiment, lens 39 is an uncoated plano 
convex lens, and objective 40 is a 5x to a 50><microscope 
objective. The lens 39 that is employed should have a 
suitable focal length that can be used to focus the laser 38 on 
the capillary WindoW 77 of at least one of the second joining 
capillaries 29. Useful lenses, such as a 12 millimeter lens, e availabl  from Edmund Scienti?c, Barrington, NJ. 
The microscope objective 40, is available from, for example, 
Edmund, and can also be used to focus and collect emitting 
?uorescence perpendicular to the excitation laser. 
Optionally, a cutoff ?lter can be employed to block scattered 
light and is dependant upon the excitation laser employed. 
Thus, if a 514 nm laser is utiliZed, a cutoff ?lter suitable for 
514 nm is used. In a preferred embodiment, the cutoff ?lter 
is a RG610 ?lter available from, for example, Corning 
Glass, Corning NY. AWide variety of photo-multiplier tubes 
41 can be employed. In one embodiment, an R928, available 
from Hamamatsu Corp., Bridgewater, NJ, operating at 
1000 V, can be used to generate an electrical signal to 
computer 20. The signal can be digitiZed at analog input 
channel of a multifunctional data acquisition board, e.g., 
AT-MIO-16DE-10, available from National Instruments, 
Austin, Tex. 
Referring back noW to FIG. 3, and as described above, 
cross assembly 30 contains a plurality of individual second 
junctions 32. In a preferred embodiment, the junctions 32 
are PEEK crosses, available, for example, from Upchurch 
Scienti?c. The number of junctions 32 employed in the 
system is dependent upon the number of individual second 
joining capillaries 29 connected to a corresponding chro 
matographic column 14a in the chromatographic column 
array 14. Clearly, this number Will further correspond to the 
number of separation capillaries 34 connected to junctions 
32 of the cross assembly 30. Optionally, a fan can bloW air 
into the entire cross assembly 30 for cooling junctions 32. 
Additionally, a suitable temperature monitoring system can 
be employed, such as, a heating tape and a thermocouple. 
Suitable heating tapes and thermocouples that can be 
employed in the system are available from Omega, 
Stamford, Conn. 
Each of the plurality of individual second junctions 32 in 
the cross assembly 30 perform several functions in the 
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system. First, junctions 32 interface chromatographic col 
umn array 14 With the separation capillary array 33 to allow 
sample injection. One type of injection is the “heart-cut” 
injection. A heart cut injection is an injection that is syn 
chroniZed With the system current (in microamps) at the 
rising and falling portion of a signal derived from laser 
induced ?uorescence. (See, for example, FIGS. 7A and 7B). 
Second, if a heating tape is employed around junctions 32, 
it can raise the temperature of the samples being analyZed to 
facilitate sample denaturation While injecting (commonly 
knoWn as a “hot” injection). Third, junctions 32 supply 
separate buffer ?oWs to the individual separation capillaries 
34 in the separation capillary array 33, and collect Waste 
from the individual chromatographic columns 14a and the 
transverse ?oWs from syringe pump 19 by Way of second 
manifold 26 and third manifold 31. Connections betWeen the 
second manifold 26 and the third manifold 31, as described 
above, should be made as symmetrical as possible to provide 
uniform and near equivalent ?oW rates at each separation 
capillary 34 in the separation capillary array 33 during a 
given run. Finally, junctions 32 maintain electrical contact 
for each separation capillary 34 for an electrokinetic injec 
tion into the separation capillary array 33 at the injection 
region 91. 
As shoWn in FIG. 3, the separation capillary array 33 as 
utiliZed herein is described in US. Pat. No. 5,582,705. 
Brie?y, in capillary electrophoresis, a buffer-?lled capillary 
is suspended betWeen tWo reservoirs ?lled With buffer and an 
electric ?eld is applied across the tWo ends, an inlet and 
outlet end, of the capillary. In the present invention, the 
proximal portion 97 of each separation capillary 34 is in 
?uid communication With a corresponding second joining 
capillary 29 by junction 32. 
Referring back to FIG. 1, in the present invention the inlet 
end 97a of each separation capillary 34 receives a chro 
matographed sample directly from each second joining 
capillary 29 through a junction 32. Samples are then injected 
at the injection region 91 of each individual separation 
capillary 34 and migrate through the distal portion 96 outlet 
end 96a of separation capillary 34 that provides a loW 
potential end and reservoir 35. to alloW separation of indi 
vidual sample components. During this migration, analytes 
contained Within the samples are preferably electrophoreti 
cally separated, hoWever, other methods knoWn in the art, 
such as separation by pressure ?oW, can also be employed. 
Analytes are preferably detected by second detector 36, 
and detection is effected While the samples are still in the 
separation capillaries 34 by a coherent light source 37. 
Side-entry irradiation of analytes in the separation capillar 
ies 34 of the separation capillary array 33 is effected through 
the transparent WindoW portion 93 of each separation cap 
illary 34 in the separation capillary array 33, as shoWn in 
FIG. 3. Light passes through the transparent WindoW portion 
93 of each capillary 34 in a sequential manner. The coherent 
light source 37 is positioned to direct a bean of coherent light 
along a transparent path. The coherent light source produces 
light Waves traveling together in phase. The light preferably 
has a Wavelength of about 200 nanometers (nm) to about 
1,500 nm. Preferably, the coherent light source is a laser. An 
argon laser operating simultaneously at one or more visible 
lines is typically used for excitation, although other light 
sources and Wavelengths can also be used. Particularly 
preferred excitation Wavelengths are 488 nm and 514 nm. 
Preferably, light source 37 is a 514 nm Ar+ laser. A pure 
output laser, i.e., a laser emitting light of a single 
Wavelength, is a particularly preferred light source. 














an interference ?lter or a glass prism. Side entry irradiation 
as utiliZed herein is described in, for example, US. Pat. Nos. 
5,582,705, 5,741,411 and 5,695,626. 
As shoWn in FIG. 3, second detector 36 preferably 
includes a tWo-dimensional image array detector, especially 
in the system described herein, although ?rst and second 
linear detectors may also be employed, one for each channel. 
More preferably, a charge-coupled device (CCD) or a 
charge-injection device (CID) is used. In the system 
described herein, Where detection is effected using a CCD, 
optional rectangular ?lters With dimensions in excess of the 
separation array 33 dimensions may be conveniently used to 
split ?uorescence emissions simultaneously induced from 
analytes in the individual separation capillaries 34 of the 
separation capillary array 33. 
Operation of the integrated multiplexed apparatus 1, as 
described above, typically involves introducing a sample or 
plurality of samples into the chromatographic column array 
14 folloWed by chromatographic separation to yield a puri 
?ed sample(s), and separating and detecting an analyte in the 
puri?ed sample. A typical method employing the system 
described above is discussed beloW. 
The invention provides a multiplexed method for pro 
cessing and detecting an analyte concurrently in a sample or 
a plurality of samples. A variety of samples, described 
above, can be analyZed employing the system described 
herein. Signi?cantly, a variety of “differing” samples can be 
analyZed simultaneously as, described above, each channel 
is unique. HoWever, a plurality of samples need not be 
different but may include multiple runs of a single sample. 
The invention is preferably suited for use in DNA analysis 
and sequencing of DNA sample templates, and DNA diag 
nostics experiments Where the targeted analytes are DNA 
fragments and all four nucleotide bases are detected. 
Referring noW to FIG. 3, turning on pump 18, opening 
MFTVs 5a and MFTVs 5b, and closing MFTVs 17, a 
sample containing analytes of interest, is preferably intro 
duced into the inlet end 6a of distal portion 6 of an individual 
reaction capillary 3. Sample introduction is typically from a 
suitable sample delivery device 11 that is capable of con 
taining a sample aliquot. As shoWn in FIGS. 5A—5C, and as 
described above, the plurality of ?rst MFTVs 5 includes 
NMFTVs 5a and MFTVs 5b. MFTVs 5a, contain a portion 
of each distal portion 6 of intake capillary 3, and MFTVs 5b 
contain a portion of proximal portion 7 of intake capillary 3. 
Typically, sample aliquots can range betWeen about 5 nano 
liters (nl) to about 1 (milliliter) mL. Preferably, the delivery 
device is a microtiter plate. 
FIGS. 5A—5C further shoW a typical automated process 
that introduces a sample or plurality of samples from deliv 
ery device 11 (not shoWn), to an individual intake capillary 
3 having an optional reaction portion 8. In FIG. 5A, the 
sample 70, shoWn in White, is positioned inside reaction 
portion 8, Where heating of the sample, if desired, can be 
initiated. MFTVs 5a and 5b are closed and MFTVs 17 are 
open. FIG. 5B shoWs sample 70 exiting reaction portion 8 by 
activation of syringe pump 19 (not shoWn). Sample 70 is 
removed by opening MFTVs 5a and 5b and closing MFTVs 
17. FIG. 5C shoWs sample 70 positioned in a small region 
of the ?rst manifold 15 (not shoWn). By subsequent closing 
of MFTVs 5a and MFTVs 5b and opening MFTVs 17, 
sample 70 is delivered to a puri?cation column 14a in the 
puri?cation column array 14 (not shoWn). Pump 18 (not 
shoWn) typically remains turned on during this process. 
In a preferred embodiment, nucleic acid containing 
samples are analyZed and the reaction portion 8 is housed in 
US 6,387,234 B1 
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heater assembly 9 Which is typically a hot-air thermal cycler. 
A plug of deionized Water is typically also loaded into the 
intake capillary 3 to ensure the sample reaction mixture is 
properly positioned in the reaction portion 8 of the intake 
capillary 3 inside the heater assembly 9 as shoWn in FIG. 
5A. As described beloW in the detailed examples, depending 
on the length and diameter of an individual intake capillary 
3 and reaction portion 8, the plug of deioniZed Water assists 
to properly position an adequate volume of sample, for 
example, in the reaction portion 8. Thus, once an adequate 
sample volume is positioned inside the reaction portion 8, 
MFTVs 17 are opened and MFTVs 5 are closed and heat 
catalyZed cycle-sequencing reactions are initiated. During 
this reaction time, a suitable buffer continuously ?ushes the 
chromatographic columns 14a in the chromatographic col 
umn array 14 at a preselected ?oW rate, for example, about 
100 microliters (pl) to about 800 pl. Suitable buffers include 
various salt solutions and Tris-EDTA buffer. In a 
preferred embodiment, each chromatographic column 14a in 
the chromatographic column array 14 are siZe-exclusion 
columns (SEC). 
With reference to FIG. 5B, after completion of a reaction, 
MFTVs 17 are closed and MFTVs 5 are opened so that the 
reaction samples or mixtures are aspirated, by pump 19 (not 
shoWn), through junctions 13 (not shoWn), of the T-assembly 
12 (not shoWn) and positioned into the tubing above the ?rst 
manifold 15. Pump 18 is turned off during this process. Once 
the reacted samples are positioned in the tubing above the 
?rst manifold 15 (not shoWn), MFTVs 5 are closed and 
MFTVs 17 are opened (FIG. 5C). Buffer How is reversed, by 
selecting valve 21 and re-activating pump 18. Turning on 
pump 18 permits the transferring of the reacted sample or 
plurality of reacted samples from each of the intake capil 
laries 3 into the chromatographic columns 14a of the chro 
matographic column array 14. 
As described above a variety of chromatographic columns 
can be employed in the invention. Thus, using pre-selected 
chromatographic columns 14a for puri?cation, a plurality of 
puri?ed sample portions can be obtained that comprise at 
least one detectable analyte. An analyte can be detected, for 
example, by an image array detector in concert With a 
coherent light source. In a preferred embodiment, the ana 
lytes are DNA Sanger reaction fragments Which are products 
of cycle-sequencing reactions. 
Once puri?ed sample portions are obtained, the sample 
portions can be injected at each of the injection regions 91 
into a corresponding separation capillary 34 in the separa 
tion capillary array 33. Before this injection, hoWever, 
several steps are taken. First, pump 18 is turned off, pump 
19 is turned on and the each chromatographic column 14a in 
the chromatographic column array is Washed. Second, prior 
to injection into the separation capillary array 33, the tem 
perature to perform the injection at the cross assembly 30 
should be determined. Junctions 32 of the cross assembly 30 
can optionally be pre-heated by means of a suitable heating 
tape to a temperature of betWeen about 50° Celsius to 
about 100° C. Preferably, junctions 32 are heated to about 
65° C. to about 90° C. Finally, typically prior to sample 
injection, Water or other appropriate buffers from the ports 
of valve 22, are selected to How through the injection region 
91 by activating syringe pump 19. In a preferred 
embodiment, deioniZed Water is employed. The How rate of 
the deioniZed Water or other buffer ?oWing through the 
injection region 91 is typically about 50 pl to about 700 pl. 
Preferably, the deioniZed Water or buffer ?oW rate is about 
100 pl to about 300 pl. In a preferred embodiment, the 














mal portion 97 of the plurality of separation capillaries 34, 
is suf?cient to cause dialysis at the interface of a sieving 
matrix in the separation capillaries and creates a loW ionic 
strength Zone. This further promotes stacking injection for 
pre-concentration of the samples. When the steps described 
above have been satis?ed and While Washing of the chro 
matographic columns 14a is occurring, pump 18 is again 
turned on, pump 19 is turned off, an injection is made, e.g., 
heart-cut injection, and samples migrate through the sepa 
ration capillaries 34 toWards the distal portion 96 of the 
separation capillaries 34 Which provides a loW potential end 
to reservoir 35. This is described more fully beloW. 
When the puri?ed sample portions reach the ?rst detector 
85 positioned at point A 77 (FIG. 1) of the second joining 
capillaries 29 (as recogniZed by the onset of a peak, see FIG. 
7), an electrokinetic injection to each separation capillary 34 
of the separation capillary array 33 is performed. When the 
injection of the puri?ed sample portions is completed (at 
about one-third of the peak height on its falling edge) 
MFTVs 17 are closed, syringe pump 19 is turned on and 
valve 21 selects syringe pump 19. A suitable buffer is used 
to remove the deioniZed Water and re-ioniZe the injection 
Zone at a very loW ?oW rate to avoid losing any of the 
injected puri?ed sample portions. Suitable buffers include a 
variety of buffers useful in electrophoresis. Preferably, the 
buffer employed is about 0.5><Tris-borate/EDTA (TBE) 
buffer to about 5 .0><TBE buffer. The buffer transverse How 
is pre-programmed to about 100 microliters (uL)/minute/ 
capillary to about 800 pL/minute/capillary, and during elec 
trophoretic separation set at about 50 volts/centimeter 
(V/cm) to about 300 V/cm. 
If one or more of the individual junctions 32 of the cross 
assembly 30 are heated or pre-heated, e.g., for samples such 
as nucleic acids to be analyZed, the temperature at the 
injection region 91 of the cross assembly 30 typically is 
loWered to a suitable temperature, e.g., room temperature, as 
quickly as possible after heating to restore the ionic strength 
at each of the junctions 32. Concurrently, MFTVs 17 can be 
opened and regeneration of the puri?cation columns 14a and 
reaction portions 8 of each intake capillary 3 can proceed 
after the electrophoresis current has stabiliZed. This process 
typically takes betWeen 30 and 50 minutes. The sieving 
polymer matrix employed in the separation capillaries of the 
invention is generally of a suf?ciently loW viscosity so as to 
enable it to be pushed into the separation capillaries by 
pressure. The polymer matrix preferably has a viscosity of 
less than about 5,000 centipoise, more preferably less than 
about 2,000 centipoise, measured in a capillary at 1 atmo 
sphere (atm), 25° C., using the Pouiselle equation. 
In one embodiment of the invention, the matrix is pref 
erably a single polymer matrix prepared from PEO With Mn 
of betWeen 2,000,000 and 9,000,000 at a concentration of 
about 1% to about 5%. HoWever, other polymer matrixes 
can be employed such as polyvinylpyrrolidone (Gao et al., 
Anal. Chem. 70:1382—1388 (1998)) (PVP, 4.5% With 27 
centipoise (cp), polydimethylacrylamide (Madabhushi et al., 
Electrophoresis 19:224—230 (1998)) (PDMA, 6% With 75 
cp) and polyacrylamide. In another embodiment, a polymer 
matrix is absent and sample analysis can occur by Zone 
electrophoresis. Note that if a Zone-electrophoresis method 
is utiliZed, as described above, the optional third plurality of 
MFTVs 98 should be employed to stop ?uid ?oW Within 
separation capillaries 34. MFTVs 98 Would typically operate 
in a manner previously described above for MFTVs 5 and 
MFTVs 17. 
Any convenient detection method may be used to detect 
each of the detectable analytes separated in a capillary 








